[1] We performed shock compression experiments on preheated forsterite liquid (Mg 2 SiO 4 ) at an initial temperature of 2273 K and have revised the equation of state (EOS) that was previously determined by shock melting of initially solid Mg 2 SiO 4 (300 K). The linear Hugoniot, U S = 2.674 ± 0.188 + 1.64 ± 0.06 u p km/s, constrains the bulk sound speed within a temperature and composition space as yet unexplored by 1 bar ultrasonic experiments. We have also revised the EOS for enstatite liquid (MgSiO 3 ) to exclude experiments that may have been only partially melted upon shock compression and also the EOS for anorthite (CaAl 2 SiO 6 ) liquid, which now excludes potentially unrelaxed experiments at low pressure. The revised fits and the previously determined EOS of fayalite and diopside (CaMg 2 SiO 6 ) were used to produce isentropes in the multicomponent CaO-MgO-Al 2 O 3 -SiO 2 -FeO system at elevated temperatures and pressures. Our results are similar to those previously presented for peridotite and simplified "chondrite" liquids such that regardless of where crystallization first occurs, the liquidus solid sinks upon formation. This process is not conducive to the formation of a basal magma ocean. We also examined the chemical and physical plausibility of the partial melt hypothesis to explain the occurrence and characteristics of ultra-low velocity zones (ULVZ). We determined that the ambient mantle cannot produce an equilibrium partial melt and residue that is sufficiently dense to be an ultra-low velocity zone mush. The partial melt would need to be segregated from its equilibrium residue and combined with a denser solid component to achieve a sufficiently large aggregate density. 
Introduction
[2] The volumetric behavior of silicate melts at high pressures and temperatures is not well constrained despite its importance for accurately modeling the formation and early evolution of the Earth. Our ability to predict the chemical and physical consequences of the Earth's differentiation, for example after the putative moon-forming impact, depends on a formulation of a liquid equation of state (EOS) accurate enough to determine the buoyancy of liquids relative to coexisting solids. Furthermore, the liquid EOS is also needed for rigorous interpretation of present-day deep Earth seismic observations: detection of ultra-low velocity zones (ULVZ) [Garnero and Helmberger, 1995] at the base of the mantle has been interpreted to possibly indicate the presence of liquid-potentially a partial melt [Lay et al., 2004; Williams et al., 1998 ] or a dense liquid that has remained unsampled at the core-mantle boundary since differentiation of the planet [Labrosse et al., 2007] . This latter idea is based in part on the simplified modeling of the mantle as an isochemical MgSiO 3 system [Mosenfelder et al., 2009] , which would begin crystallization in the midmantle for a full mantle magma ocean. This concept provides the potential for creating two separately evolving chemical reservoirs in the upper and lower mantle that would allow distillation of a presumed dense melt. Yet applying this same idea to slightly more complex multicomponent mantle compositions in the CaO-MgO-Al 2 O 3 -SiO 2 -FeO (CMASF) system demonstrates that midmantle crystallization is not very likely or at least unlikely to lead to dynamically separate reservoirs [Thomas et al., 2012] . Similarly, our current knowledge of the density differences between complex multicomponent silicate liquids and the present-day ambient mantle are not adequate to make precise predictions of the gravitational stability of a liquidmush ULVZ.
[3] Most of our understanding of the volume and elastic behavior of silicate liquids has been limited to pressures and temperatures within the upper mantle. Data are derived by density and sound speed measurements at 1 bar [Ai and Lange, 2008; Ghiorso and Kress, 2004; Lange and Carmichael, 1990] or by sink-float experiments at higher pressures up to a few GPa [Agee, 1992 [Agee, , 1993 Ohtani et al., 1995; Suzuki et al., 1998 ]. Diamond anvil cell (DAC) experiments are conducted at temperature and pressure regimes comparable to the lower mantle, but even distinguishing whether melting has occurred remains a nontrivial exercise (techniques for detecting melt vary among laboratories and results can often differ [Andrault et al., 2011; Fiquet et al., 2010] ) and measuring the density of silicate melts in situ in the DAC remains an elusive goal. Shock experiments that start at ambient conditions and produce melt upon dynamic compression have achieved pressures equivalent to those in the deep mantle but can often be difficult to interpret due to solid-solid phase transitions along the Hugoniot or challenges in deciphering how far the melt reaction has been overstepped [Akins, 2003; Akins et al., 2004; Luo et al., 2002; Mosenfelder et al., 2007; Mosenfelder et al., 2009] .
[4] Recently, preheated shock techniques have achieved pressures equivalent to those in the lower mantle for fully molten anorthite (An; CaAl 2 Si 2 O 8 ), diopside (Di; CaMgSi 2 O 6 ), An 36 -Di 64 eutectic [Asimow and Ahrens, 2010] , and fayalite (Fa; Fe 2 SiO 4 ) [Thomas et al., 2012] compositions. To this shock data set of liquids we have added a series of novel experiments, which preheat Mg 2 SiO 4 (forsterite, Fo) beyond its melting point at ambient conditions to 2273 K prior to dynamic compression. These experiments complement the shock experiments performed on initially solid forsterite and wadsleyite (300 K) [Mosenfelder et al., 2007] , and permit re-evaluation of the previous EOS without the ambiguities of distinguishing solid-melt transformations along the Hugoniot. [5] These experiments are also are the first to measure thermodynamic properties of Mg 2 SiO 4 melt directly. The high melting temperature of forsterite (2163 ± 20 K; [Bowen and Andersen, 1914] ) has made in situ experimental measurements of melt properties difficult for this composition. They are instead typically calculated using linear mixing of partial molar properties extrapolated from lower temperatures and higher SiO 2 compositions [Lange, 1997; Lange and Carmichael, 1990; Lange and Navrotsky, 1992; Stebbins et al., 1984] . Our newest measurements constrain the sound speed of silicate liquid within temperature and composition space yet unexplored by ambient pressure ultrasonic experiments [Ai and Lange, 2008; Ghiorso and Kress, 2004] .
Methods

Sample Preparation of Preheated (2273 K) Shots
[6] The Mg 2 SiO 4 used for shock wave experiments was undoped, single crystal forsterite (Morion Co. Gems) cored and lapped into disks. The sample disks under-filled the volume of the molybdenum sample holders by 7-13% at room temperature [cf. Thomas et al., 2012] . The room temperature under-filling-accounting for thermal expansion of Mo and the thermal expansion and volume of fusion of forsteriteresults in a 1-1.5 mm deep meniscus at the top of the heated capsule at 2273 K. This bubble is above the area imaged by the streak camera and therefore still allows observation of simple one-dimensional wave propagation. A void space is preferred to overfilling of the capsule, which can result in warping or failure of the welded cap.
[7] The surfaces within and outside the sample well including both sides of the cap were polished to a mirror finish with 1 micron alumina grit. Smoothing all the surfaces prevents bubbles from clinging to the walls of the sample holder during heating and potentially interfering with the imaged shock wave. The caps were electron-beam welded (Electron Beam Engineering Inc., Anaheim, CA) to the sample holder wells enclosing the sample. The details of this process are described in Thomas et al. [2012] ; we note that forsterite, unlike fayalite, welded easily with only occasional and minor oxidation of the cap.
[8] Before and after welding, a profile of the topography aligned to the streak camera slit was taken with a depth gauge micrometer using a 0.7 mm flat-end tip. The inner portion of the sample well was measured in 0.2 mm increments, and the final driver and welded cap (or "top hat") were measured in 0.1 mm increments. Typically, the topography varied no more than ±0.008 mm from flat for the inside of the sample well and ±0.015 mm for the outside driver and top hat. Sample capsules were carbon coated on both sides to reduce oxidation of the reflecting molybdenum surface during heating [cf. Asimow and Ahrens, 2010; Asimow et al., 2009 ] except for shots completed on the 40 mm propellant gun. Oxidation of the target was less of a problem in the 40 mm gun possibly due to better vacuum for the smaller target chamber and catch tank volume compared to that of the 90 mm/25 mm two-stage light-gas gun (LGG).
Experimental Setup
[9] The pioneering work for shock studies on molten materials is Rigden et al. [1984] . The description of our methods below builds on this and the work of Rigden et al. [1988; 1989] , Miller et al. [1988 Miller et al. [ , 1991a , Chen and Ahrens [1998] , and Chen et al. [2002] . For more recent changes in experimental techniques and data analysis, the reader is directed to Asimow et al. [2009] , Asimow and Ahrens [2010] , and Thomas et al. [2012] .
[10] For this study, six total experiments were performed -four in the Caltech 90/25 mm two-stage LGG and two using the Caltech 40 mm propellant gun. All shots were preheated to 2000°C (2273 K) using a H 2 O-cooled copper induction coil powered by a 10 kW Lepel radio frequency heater [Chen and Ahrens, 1998 ]. The targets were held in place by a "guy-wire" setup and mounted through a hole drilled in a high-temperature Zircar ™ zirconia board as opposed to the alumina board used for lower temperature experiments [cf. Asimow and Ahrens, 2010] .The boards were also cut with a slit from the center hole through to the bottom including two separate inch-deep slits at the top (a Y-shape) in order to relieve mechanical stresses that arose due to thermal expansion of the board while at high temperatures. Lexan projectiles with molybdenum flyer plates (see Table 1 ) were used in this study; flyer plate velocities (u fp ) ranged from 1.04 to 5.963 km s
À1
. For the LGG shots, u fp was measured redundantly by a double-flash X-ray system and a two-magnet induction detector as described in Asimow et al. [2009] . The u fp for the 40 mm gun shot was also measured by two methods: double-exposure X-ray image and laser cutoffs. The 40 mm X-ray system utilizes a double-flash X-ray, which doubly exposes the flyer image on a single piece of film. Velocity is determined by the separation of the two flyer images -taking into account the magnification on film and the previously calibrated parallax distance -divided by the time between the two X-ray discharges [Rigden et al., 1988] . The 40 mm gun was also outfitted with a new laser timing system using three lasers aimed across the projectile path onto small active-area photodiode detectors. The distance between the lasers was measured to within ±0.05 cm, and the time between cutoffs is recorded on a 1 GHz oscilloscope. The velocities measured by the two techniques for each gun agreed to within the stated uncertainty for all the shots, and the average of the two values was used for the u fp given in Table 1. [11] During each experiment, the rear face of the target was illuminated by a Specialised Imaging xenon spark lamp and filmed by a Hadland Imacon 790 streak camera through a narrow (25 μm) slit focused horizontally across the center of the driver and sample cap. The image of the shock wave transit was recorded using a new Specialised Imaging 2DR digital readout system. The system collects the streak image using a 4008 × 2688 pixel CCD, which was specifically designed to affix to the streak camera tube. The image is captured digitally, in contrast to the previous method, which relied on digital scanning of analog images captured on Polaroid film [cf. Asimow and Ahrens, 2010; Thomas et al., 2012] . The precise measurement of the shock transit time through the sample and molybdenum cap was measured from the extinguished (or sharp intensity change in) reflected light as the shock wave reached the free surface of the driver plate followed by the sample cap. The procedure for picking cutoffs and the calibration of the streak rate is described in Thomas et al. [2012] . The selected cutoffs were coregistered with the previously measured driver topography profiles and corrected for deviations from flat.
[12] The shape of the shock front as it enters the sample is determined by interpolating the visible driver cutoffs using a fourth-order polynomial. The 95% confidence interval for the fit was used as the upper and lower bounds for the location of the shock front and was the greatest source of error in the final calculated shock state -i.e., the error bars for shock pressure (P H ), shock density (ρ H ), particle velocity (u p ), and shock wave velocity (U s ). The time that the shock wave spends in the Mo cap is estimated using the iterative method of Rigden et al. [1988] and subtracted from the offset in time between the two cutoffs to calculate the shock wave velocity U s in the sample. Then u p , P H , and ρ H follow from impedance matching, the Rankine-Hugoniot equations, and the following input parameters: standard Hugoniot data (ρ o , C o , s) for the cold metal flyer and hot Mo driver plates Chase, 1998 ] (see Table 2 ), the initial sample density (ρ o ) [Lange, 1997] , and an initial guess for C o and the s parameter of Mg 2 SiO 4 liquid to seed the iteration (the converged result is independent of this guess).
Results
Linear Hugoniot
[13] The shock wave data for Mg 2 SiO 4 liquid are reported in Table 1 , including shot number, flyer/driver material, temperature prior to firing, u fp , u p , U S, ρ H , and P H .
[14] A Hugoniot is a family of peak shock states achieved in a material by progressively stronger shocks from the same starting conditions [Ahrens, 1987] (in this case, liquid Mg 2 SiO 4 at 2273 K and 1 bar). Empirically, the Hugoniot of a well-behaved material forms a line in U S -u p space, given to third order in strain by U S = C o + s u p [Jeanloz, 1989] . The slope (s) is related to K' S , the pressure derivative of the isentropic bulk modulus (K oS ) by s = (K' S + 1)/4; the intercept, C o , is the bulk sound speed of the material at room pressure (C o 2 = K oS /ρ o ) [Ruoff, 1967] . [15] Typically, the intercept of the unweighted linear Hugoniot in U S -u p space falls within error of the 1 bar value Figure 2 shows linear fits to shock data in U S -u p space fixed at these 1 bar model values as well as the unconstrained fit. The unconstrained, unweighted linear fit to all preheated Mg 2 SiO 4 liquid data points yields U S = 2.674 ± 0.188 + 1.64 ± 0.06 u p km/s (r 2 = 0.995). The unconstrained C o falls below the derived model values potentially indicating that the dC o /dT value is negative for Mg 2 SiO 4 liquid, contrary to the positive [Ghiorso and Kress, 2004] and zero [Ai and Lange, 2008] values given in the previous studies. This is not evidence for unrelaxed behavior in the shock compression experiments; this would be expected to yield a higher bulk modulus than expected from relaxed ultrasonic data. Instead, it is evidence that the temperature or composition dependence of those models cannot be extrapolated to the current conditions; see discussion below. Consequently, the K oS of 18.56 ± 2.61 GPa (derived from the expression K oS = ρ o C o 2 and the unconstrained C o ) is lower than the bulk moduli derived from either the Ghiorso and Kress [2004] or the Ai and Lange [2008] values, 26.55 and 25.38 GPa, respectively . This K oS is also much lower than the previously reported value given in shock wave studies, 41 GPa at T o = 1673 K [Mosenfelder et al., 2009] , which was derived from the Lange and Carmichael [1990] data set. If corrected to an initial temperature of 2273 K using dV/dT and d 2 V/dPdT [Lange and Carmichael, 1990] , K oS is 27.87 GPa and still much stiffer than our newest value of 18.56 GPa. The slope of our unconstrained Hugoniot fit corresponds to a K' of 5.58 ± 0.24, compared to that of the previous estimate of 4.73 [Thomas et al., 2012] .
Grüneisen Parameter
[17] The thermodynamic Grüneisen parameter (γ) is a macroscopic parameter that relates thermal pressure to the thermal energy per unit volume. The Mie-Grüneisen approximation can be expressed as
where thermal pressure (P th ) is defined as the increase in pressure due to heating at a constant volume [Poirier, 2000] . The Grüneisen parameter can be directly determined by the comparison of two Hugoniots with different initial densities [e.g., Asimow and Ahrens, 2010; Luo et al., 2002] . When compared at an equal density, a liquid obtained by shock compression of an initially solid material will have a distinct pressure and internal energy state than that obtained by direct shock compression of the liquid of the same composition. This method also applies for other changes in the initial state of shocked samples, including differences in initial solid phase and variations in initial porosity [Mosenfelder et al., 2009] .
[18] We determined the Mg 2 SiO 4 liquid γ by comparison of our 2273 K liquid Hugoniot with the initially solid 300 K forsterite Hugoniot from Mosenfelder et al. [2007] . Mosenfelder et al. used two Mg 2 SiO 4 starting materials, polycrystalline forsterite and wadsleyite, and they asserted that the two highest pressure shots from each data set were shock melted (shots #350 and #349 forsterite and #350 and #349 wadsleyite). However, the calculations of de Koker et al. [2008] indicate that shock compression of crystalline forsterite along the 300 K principal Hugoniot produces incongruent melting to periclase (MgO) and a more silica-rich liquid in the pressure range of 150-170 GPa; only above 170 GPa is pure Mg 2 SiO 4 liquid present on the calculated Hugoniot. Correspondingly, their calculated wadsleyite Hugoniot was found to be 1000-1400 K cooler than the forsterite Hugoniot. Therefore, even the highest-pressure wadsleyite datum (shot #350) is unlikely to be fully molten and does not provide a secure point for evaluation of liquid properties.
[19] We therefore have used only the highest forsterite point (#350, 188.5 GPa) from the Mosenfelder et al. [2007] data set for determination of the liquid Grüneisen parameter. For the equations and details of this calculation, the reader is directed to Asimow and Ahrens [2010] and Thomas et al. [2012] . Using the power law form for γ
and
yields a q value of À1.51 and γ o = 0.448. This corroborates the general trend that has been observed by both calculation [Adjaoud et al., 2008; Boehler and Kennedy, 1977; de Koker et al., 2008; Stixrude and Karki, 2005] and experiment [Asimow and Ahrens, 2010; Mosenfelder et al., 2009; Thomas et al., 2012] that liquid γ increases upon compression, opposite to the behavior of solids. This q value is also fairly similar to the Mg 2 SiO 4 fit from Thomas et al. [2012] (which corrected a sign error in the refit from Mosenfelder et al. [2009] ), but differs greatly in the value for γ o . The difference in these fits can been seen most clearly in Figure 3 , which displays the previous γ curve (dotted) and the newest fit tied at a much lower γ o . This offset is due to the very discrepant values for K oS used in (3): 41 GPa and 18.56 GPa for the previous and current study, respectively. Our newest fit for γ is also in much closer agreement to the linear fit given in de Koker et al.
[2008] ( Figure 3 ) and other silicate liquid γ functions derived from shock experiments.
Thermal Equation of State Fitting
[20] The Hugoniot reaches temperatures and energies much higher than those of geophysical interest at lower mantle pressures (even for early Earth processes). It is therefore pertinent to select and apply a thermal equation of state formalism to investigate material properties that lie off the Hugoniot. We attempt to define the entire P-V-E surface of Mg 2 SiO 4 liquid using the shock wave equation of state (SWEOS) and the third-and fourth-order Birch-Murnaghan/Mie-Grüneisen equations of state (3BM/MG and 4BM/MG). The results and uncertainties for each fit are given in Table 3 , and the Hugoniots are plotted in Figure 4 . [Mosenfelder et al., 2009] . The thin red and blue lines are the behavior of γ for diopside and fayalite, respectively [Thomas et al., 2012] . The EOS parameters used are given in [21] The SWEOS is defined by a linear Hugoniot in U S -u p space, converted to P -ρ space using the first and second Rankine-Hugoniot equations [e.g., Ahrens, 1987] . The slope of our linear Hugoniot, U S = 2.674 ± 0.188 + 1.64 ± 0.06 u p km/s, corresponds to a K' S value of 5.58 ± 0.24. States that lie off the Hugoniot are found using the Mie-Grüneisen thermal pressure approximation with a temperature-independent power law expression for the thermodynamic Grüneisen parameter, equation (2). A q value of À1.51 was independently determined in the above section 3.2 using selected experimental results from Mosenfelder et al. [2007] .
[22] The third-or fourth-order BM/MG EOS is defined by a third-or fourth-order Birch-Murnaghan isentrope centered at 1 bar and 2273 K and a Mie-Grüneisen thermal pressure approximation. The 3BM/MG and 4BM/MG EOS are global fits, which include the six newest initially molten data points (Table 1 ) and the initially solid shot #350 forsterite from Mosenfelder et al. [2007] . Including the initially solid point (#350) reduces the error bars slightly for both fits; however, excluding the point returns nearly identical EOS parameters. We estimated uncertainties in these fits using bootstrap resampling of the data set; however, with only seven data points each at a distinct pressure, rather than many random samples from a population of Hugoniot constraints, this exercise yields rather artificial results.
[23] We applied two sets of third-and fourth-order BM/MG fits at T o = 2273 K, one where K oS was fixed to 18.56 GPa (derived from the unconstrained C o ) and a second where K oS was permitted to vary within the stated error of the unconstrained C o . For the first set of fits, the 3BM/MG EOS result is K oS = 18.56 GPa, K' S = 6.37 ± 0.04, q = À2.16 ± 0.14, and reduced χ 2 = 2.13. The 4BM/MG fit result is K oS = 18.56 GPa, K' S = 3.12 ± 2.39, K S " = 1.26 ± 1.47 GPa
À1
, q = 1.31 ± 6.74, and reduced χ 2 = 1.18. The 4BM/MG evidently has very large error bars and strong correlations among the output parameters indicating a very unstable fitting routine. The 3BM/MG fit by contrast has less severe correlation between the parameters and appears justified by the fitting statistics.
[24] For the second set of fits in which we allowed K oS to vary, the best K oS value was 16.41 GPa. This K oS is the limit at which the derived C o still yields a linear Hugoniot in U s -u p space. The 3BM/MG fit with this K oS value is K' S = 7.37 ± 0.81, q = À2.02 ± 1.03, and reduced χ 2 = 1.65. The 4BM/MG fit is K oS = 16.41 GPa, K' S = 4.27 ± 2.02, K S " = 1.31 ± 1.83 GPa À1 , q = 0.47 ± 9.86, and reduced χ 2 = 1.11. This 4BM/MG fit is also unstable with large error bars and strong correlations among the parameters, but the 3BM/MG fit is much more reasonable. This 3BM/MG fit has a smaller reduced χ 2 than the 3BM/MG fit above; hence, for this data set, we prefer the third-order fit with K oS = 16.41 GPa, and this is the fit whose parameters are given in Table 3 . [25] The isentrope of MgSiO 3 melt derived from the recommended global EOS fit to shock wave data from all initial polymorphs and porosities of MgSiO 3 [Mosenfelder et al., 2009] displays an inflection point (concave down to concave up) in T-P space. Although this topology is not necessarily unphysical, it conflicts with the simple concave down behavior of isentropes derived from shocked liquids only (Fa, Di, Di 64 An 36 , and Fo). It is possible that the volume decreases along the Hugoniot documented for the MgSiO 3 shock wave data [Mosenfelder et al., 2009] may indicate that the sample is only partially molten as opposed to fully molten upon shock. Such an explanation would be consistent with the interpretation of discrepancies between shock data and MD simulations noted above for some Mg 2 SiO 4 experiments [de Koker et al., 2008] . However, this idea is contrary to the previous assumption that silicate minerals require such large overstepping of the liquidus that partial melting does not occur .
Revised Equations of
[26] To test whether the enstatite global fit may include nonliquid data, we exclude all but six of the highest pressure points from the glass [Mosenfelder et al., 2009] , enstatite crystal , oxide mix [Marsh, 1980] , and porous [Simakov and Trunin, 1973] data sets. These points are the most likely to be unambiguously molten during passage of the shock wave. The hollow points in Figure 5 show the data used in this fit.
[27] The resulting 4BM/MG fit yields K oS = 24.66 GPa, K' S = 10.06 ± 0.95, K S " = 2.34 ± 0.82 GPa
À1
, q = À0.88 ± 0.68, and reduced χ 2 = 1.72 at T o = 1673.15 K. Due to the low number of points being fit, the bootstrap trial values for the output parameters for K' and q were highly correlated and were in two very distinct parameter populations -one with reasonable q ≤ 1, and another with very high K' (~14) and unreasonably high q values (40-90). This higher set is disregarded when determining the error bars on q. This fit has a similar reduced χ 2 value to the fit given in Mosenfelder et al. [2009] (χ 2 = 1.89) but overall displays a simple concave down isentrope in T-P space. Although not conclusive, this result may indicate that the inflection point on the model isentrope in dT/dP space was an artifact of fitting both molten and nonmolten data as opposed to showing a unique physical behavior of enstatite liquid. Therefore, this result also demonstrates that the technique of detecting shock melting via significant (~3%) volume and temperature drops may not be [28] In Thomas et al. [2012] , the anorthite and diopside liquid data of Asimow and Ahrens [2010] were reanalyzed only sampling the center 3 mm of the arrival top hat (see Table 1 ). This resampling was motivated by a hydro-code model of shock propagation through the capsule geometry that indicated that the outer part of the top hat arrival was influenced by edge effects. The Di EOS and the An EOS parameters were both adjusted, but only the An fit displayed an inflection point for the isentrope in T-P space. As discussed in the MgSiO 3 section above, it is believed this topology is more likely an artifact of fitting nonsimilar experimental states as opposed to representing the actual isentropic behavior of the liquid.
[29] The anorthite liquid Hugoniot is composed of two separate experimental data sets: one at low pressure (< 36 GPa) [Rigden et al., 1989] and one at high pressure (< 126 GPa) [Asimow and Ahrens, 2010] . The Rigden et al. [1989] experiments were reanalyzed in Asimow and Ahrens [2010] , but the C o derived from this Hugoniot in U S -u p space still did not fall within error of the C o determined in 1 bar ultrasonic measurements [Lange and Carmichael, 1990] . In fact, anorthite liquid is the only composition studied thus far by preheated shock wave experiments (for which an ultrasonic velocity is available at similar temperature) that displays unrelaxed behavior. In the original Rigden et al. study, the data were fit with two separate Hugoniots due to a sharp offset observed in U S -u p space for the two highest pressure points. These same data points within the 25-36 GPa range have since been interpreted to be unrelaxed during compression [Asimow and Ahrens, 2010; de Koker, 2010; Ghiorso et al., 2009] despite being in the middle of the full pressure range now studied. Yet excluding these points alone does not resolve the discrepant behavior obtained by simultaneously fitting the lowest pressure points of Ridgen et al., the high-pressure data of Asimow and Ahrens, and the 1 bar bulk sound speed [Lange and Carmichael, 1990] .
[30] One potential reason for this discrepancy is that the two shock data sets should not actually lie on the same Hugoniot, meaning the difference in the initial temperatures for two sets of experiments may be greater than stated. The Asimow and Ahrens experiments were heated to initially 1932 K and measured using a pyrometer; the Ridgen et al. experiments ranged from 1902 K to 1919 K and were measured using a thermocouple (actual experimental temperatures of Ridgen et al. are published in Asimow and Ahrens [2010] ). Typically, a 30 K temperature difference should not be significant for fitting the Hugoniot, but perhaps temperature errors using the thermocouple are larger than expected with consequently some of the experiments being conducted at significantly cooler conditions.
[31] Other possibilities include the experiments not being held at a high enough temperature above the melting point (1826 K) or held long enough above the liquidus before firing. Finally, it is also possible that there are no experimental discrepancies but that the volumetric and elastic behavior of anorthite at low pressure may be difficult to probe due to its highly polymerized structure. The rise time for the shock may be comparable to the relaxation time at least until much stronger shocks and higher temperature conditions along the Hugoniot are achieved.
[32] Although several plausible explanations can be put forward for the seemingly unusual character of the Ridgen et al. anorthite data, preliminary shock results on mixed liquids with high mole fractions of anorthite component (An 50 Hd 50 and An 33 Hd 33 Di 33 ) [Thomas, 2013] , in contrast, display predictable, relaxed behavior upon compression. Although it does not provide conclusive evidence, these newest data do support the likelihood of experimental differences between the two studies as opposed to unique low-pressure behavior for anorthite liquid.
[33] In summary, although we lack a definite understanding of the source of the low-pressure anorthite anomaly, we proceed here to derive a new fit for anorthite that can be used in conjunction with other compositions to synthesize the overall behavior of silicate liquids over a broad composition range. This is obtained from Ridgen et al. shot 665, the reanalyzed Asimow and Ahrens [2010] points [Thomas et al., 2012] , and the experimental 1 bar sound speed at 1932 K [Ai and Lange, 2008] . The parameters for the 4BM/MG fit are K oS = 19.77 GPa, K' S = 3.72 ± 2.14, K S " = 0.37 ± 2.21 GPa À1 , q = À1.86 ± 1.14, and reduced χ 2 = 3.09 at T o = 1932 K. This fit displays the same two highly correlated output parameter populations due to the low number of points included in the fitting as seen in the MgSiO 3 fitting in the section above. The errors are determined using only the population of bootstrap trials with q ≤ 1. The errors for this fit are still unavoidably large, but [Marsh, 1980] (circle), and porous enstatite [Simakov and Trunin, 1973] (square). The gray boundaries are the high-pressure state assignment from Mosenfelder et al. [2009] to perovskite, post perovskite, or melt. Only the hollow points were included in our fit. Solid points within the melt field were excluded. Error bars not shown. the fit recovers the data well and also displays a concave down isentrope in T-P space.
Discussion
Sound Speed of Mg 2 SiO 4 Liquid
[34] Returning to the forsterite Hugoniot, although our derived C o is not within the error of the 1 bar models, it is unlikely that our liquid is unrelaxed or crystallized upon compression especially at the lowest experimental pressure (9.1 GPa, see Table 1 ). First, it would be typical for glass-like behavior to display bulk moduli higher than the ultrasonic values [Rivers and Carmichael, 1987] . Although the model values are extrapolated beyond their parameter space, it is at least encouraging to observe that the liquid does not have stiffer behavior than expected from these models. Second, it has been demonstrated that crystallization during the time of the experiment is improbable since the rise time of the shock wave in the sample is much less than the time necessary for crystallization to occur [Rigden et al., 1988] . Rise time (τ r ) can be estimated from [Jeanloz and Ahrens, 1979] , where η is the effective viscosity and ΔP max is the maximum pressure offset between the equilibrium Hugoniot and the Rayleigh line at P H (U s , u p ). Although η is not well constrained, the experimental 1 bar viscosity at~2000°C for near Mg 2 SiO 4 liquid composition (65.1 mol% MgO) is less than 0.1 Pa s [Urbain et al., 1982] . Using conservative estimates of 0.1-3 Pa s for the change in viscosity with elevated temperature and pressure [Adjaoud et al., 2008] , τ r calculated at our lowest pressure point (9.21 GPa) is on order of 10 À10 s. This rise time is more than five orders of magnitude less than the time needed for crystallization for basaltic liquids derived from the timetemperature-transformation curves given in Uhlmann et al.
[1982] (~10 À5 s). Fang et al. [1983] further show that crystallization times increase with decreased polymerization; therefore, crystallization is most likely kinetically impeded on the timescales of the experimental shock in Mg 2 SiO 4 liquid. Finally, the most compelling evidence that crystallization did not occur during shock compression is that the temperaturepressure path of the Hugoniot is unlikely to have crossed into the solid forsterite stability field. The Mie-Grüneisen model to estimate shock temperature (T H ) is given by
where T S and P S are temperature and pressure along the BM isentrope, C V is the specific heat at constant volume, and γ is the Grüneisen parameter defined as a function of volume only (1).
[35] Using the 3BM/MG EOS fit (calculated in section 3.3), Figure 6 shows that for even the highest temperature estimates of the Mg 2 SiO 4 liquidus curve [de Koker et al., 2008; Ohtani and Kumazawa, 1981 ] the 2273 K Hugoniot lies within the liquid field. Consequently, we are confident that our experiments are probing relaxed liquids and that the unconstrained intercept of the linear Hugoniot of 2.674 ± 0.188 km/s is the most accurate description of the bulk sound speed at 1 bar and 2273 K.
[36] This result implies that the dC o /dT for Mg 2 SiO 4 is negative, i.e., sound speed decreases as temperature increases. This result is actually more in line with intuition than the previous estimates of zero [Ai and Lange, 2008] and positive dC o /dT values [Ghiorso and Kress, 2004] . Unless there are special structural rearrangements in liquid that overcome the general tendency of materials to become more anharmonic with increasing temperature and vibrational energy, one would expect liquids to act like solids and display decreasing sounds speed as temperature increases. Results from de Koker et al. [2008] also indicate a decrease in sound speed with increasing temperatures from 3000 K to 6000 K; yet extrapolation of these results to 2273 K gives a value of 3124 m/s, which does not, however, agree with our measured value. Preliminary modeling of this apparent complex behavior for sound speed suggests it may be due to cation coordination change and the greater degrees of structural freedom of liquids compared to solids [Wolf et al., 2012] .
Isentropes for Full Mantle Magma Oceans
[37] The examination of liquidus topologies has been previously employed to describe dynamics of a solidifying magma ocean [Andrault et al., 2011; Miller et al., 1991b; Mosenfelder et al., 2009; Thomas et al., 2012] . Crystal/liquid density crossover points and isentrope-liquidus intersections are both key phenomena, and the relationship between these points is important to understand. Originally treated by Miller et al. [1991b] , the crystallization of a chondritic (iron-depleted CI composition-see Agee and Walker [1988] ) magma ocean Table 1 ) lie within the liquid field.
was depicted as a sequence of isentropes with decreasing specific entropy (or potential temperature, T P ). The tangency of the liquid isentrope with the liquidus (maximum in S-P space) gives the pressure of first crystallization. The liquidus solid is the composition of the first forming crystal, and its density contrast with respect to the ambient liquid (whether is sinks, floats, or is neutrally buoyant) has important ramifications for understanding the first steps in the dynamic modeling of the Earth's differentiation.
[38] The one-component liquid systems enstatite and forsterite [Mosenfelder et al., 2009] have been used as compositional analogues for the mantle and exhibited deep (>80 GPa) maxima in S-P space. The liquidus-isentrope intersections for two multicomponent systems, KLB-1 peridotite [Fiquet et al., 2010] and synthetic chondrite [Andrault et al., 2011] , have also been previously examined [Thomas et al., 2012] . The liquidi were taken from the above referenced studies; the details for calculating the isentropes of liquid mixtures in CaO-MgO-Al 2 O 3 -SiO 2 -FeO composition space are given in Thomas et al. [2012] . Isentropes derived using the newest Mg 2 SiO 4 EOS (Table 3 ) and other reanalyzed end-member EOS of MgSiO 3 and CaAl 2 Si 2 O 8 (Table 4 ) yield slightly different results yet similar consequences to those previously presented. The critical isentrope for simplified chondrite composition shown in Figure 7 (Ch = 0.62En + 0.24Fo + 0.08Fa + 0.04An + 0.02Di) has a potential temperature (T p ) of 2960 K (compared to the previous estimate of T p =2600 K), and the intersection occurs similarly at the base of the mantle (135 GPa). The peridotite (P = 0.33En + 0.56Fo + 0.07Fa + 0.03An + 0.007Di) critical isentrope is T p = 3050 K and intersects the liquidus at 105 GPa, a slightly higher temperature (T p =2900 K) and higher pressure than previously reported (~85 GPa).
[39] The first crystallizing phase observed on the liquidus in both experimental studies [Andrault et al., 2011; Fiquet et al., 2010] is Mg-perovskite (MgSiO 3 , Mg-Pv). Using the BM3S model given in Mosenfelder et al. [2009] (which includes the static data of Saxena et al. [1999] ), the density of Mg-Pv at each intersection point can be calculated to determine whether the first forming crystals would sink or float. . In both cases, the liquidus solid is 2.4% more dense than the liquid from which it formed [2010] . The critical isentrope with its mantle potential temperature is shown in red. The tangent point intersection at core-mantle boundary of the critical isentrope and the liquidus gives the pressure and temperature at the onset of crystallization. The EOS parameters used for calculating the isentropes are given in Tables 3 and 4. and would therefore sink upon formation. This calculation can be redone to include partitioning of Fe, but current published values (D Fe = 0.6 to 0.07) [Andrault et al., 2012; Nomura et al., 2011] , which favor Fe partitioning into the liquid over high-pressure phases, would only further increase the density difference by incorporating at least some Fe into the solid Mg-Pv to form (Mg, Fe)SiO 3 perovskite (Pv).
[40] Crystallization from the middle or base of a magma ocean has implications for potentially creating a chemically stratified early mantle [Labrosse et al., 2007; Mosenfelder et al., 2009] provided that the lowermost mantle was to remain molten and mechanically separated from the upper mantle [Abe, 1997; Tonks and Melosh, 1993] . It has been postulated that a dense liquid at the core-mantle boundary (CMB), isolated from convection, could serve as a location for an undegassed, primordial reservoir, which could hold a missing budget of incompatible elements [Labrosse et al., 2007; Lee et al., 2010] . Yet similar to the previous conclusion given in Thomas et al. [2012] , because the first crystals sink upon forming, this does not support the dynamic creation of a chemically stratified mantle. This conclusion is highly dependent on the choice of composition for the early bulk mantle and the liquidus topology of that composition. As shown here, despite the simplified chondrite and peridotite liquids having very similar bulk composition, the liquidus of each composition has a different maximum in T-P space. This discrepancy in liquidus shape in turn gives rise to very different predictions of where crystallization would begin. It is unclear whether these very different liquidus topologies are reflective of nature or are potentially derived from the different procedures used in identifying melt in the DAC [Andrault et al., 2011; Fiquet et al., 2010] . Additionally, choosing a bulk earth mineralogy that was more Fe rich than either of these compositions would result in a smaller density difference with respect to the liquid and liquidus solid, but such a composition would need to be justified theoretically with respect to the timing and sequestration of the core.
Evaluating the Partial Melt Hypothesis for Ultralow Velocity Zones
[41] Ultra low velocity zones (ULVZs) occur in thin (5-40 km) patches above the core-mantle boundary (CMB) [Garnero and Helmberger, 1995] . They are distinguished by several key features, the first being that they are best fit with a 3:1 ratio of S wave to P wave velocity anomaly, which has been inferred to indicate the presence of liquid [Williams and Garnero, 1996] . They are also discontinuous along the CMB and can be often associated with the edges of large low shear velocity provinces and the source areas of plumes and large igneous provinces [McNamara et al., 2010; Rost et al., 2005; Williams et al., 1998 ]. They exhibit a nonzero shear wave velocity, so the assumed liquid cannot be present as a pure melt but must be within a liquid-solid "mush." Modeling of different melt structures for this mush permits melt fractions of 0.01% to 30% [Williams and Garnero, 1996] , although more than 20% could lead to the loss of structural integrity for some melt configurations [Hernlund and Jellinek, 2010] . At select locations where reflection Figure 8 . Estimated densities for silicate liquids Fa (blue curve), Fo (green curve), and En (orange curve) and mantle solids Fo, wadsleyite (Wd), ringwoodite (Rw), periclase (Pe), Mg-perovskite (Pv), and post-perovskite (pPv) (black curves) as function of pressure along a 10 K/GPa mantle geotherm. The dashed lines are the previous density estimates for Fo liquid (green) and En liquid (orange) from EOS parameters given in Mosenfelder et al. [2009] . The density at base of mantle (135 GPa) for each composition is thermally corrected from 3073 K to 4400 K (shaded cones). Also shown is the density profile from PREM [Dziewonski and Anderson, 1981] (red line), the inferred density for a ULVZ from seismic reflection coefficients [Rost et al., 2006] coefficients have been constrained, the ULVZ is inferred to be 6-14% more dense than the overlying mantle, and there is an increase in S wave velocity with depth within the ULVZ itself [Rost et al., 2006] .
[42] In order for a molten silicate liquid to comprise some portion of a ULVZ, it must be denser than or at least neutrally buoyant compared to the ambient lowermost mantle; otherwise, the liquid would percolate upward away from the CMB over geologic time. The question is whether such a melt can exist. The presence of liquid in ULVZs as a partial melt was first inferred by Williams and Garnero [1996] with the assumption that the density contrast between the liquid and solid would be relatively small (~1%) so that the variations in inferred seismic velocities would be small. This idea of low density contrast at high pressure was extrapolated from shockloading experiments [Brown et al., 1987; Rigden et al., 1984] , which showed liquid densities overtaking their equivalent solids at low pressures (6-10 GPa for basaltic liquid) and may not be valid at high pressure and for all compositions as shown in Figure 8 , which shows the densities of silicate liquids Fa, En, and Fo with major mantle solids, including periclase (Pe) and Pv, along a modern mantle adiabat (10 K/ GPa) with a T P of 1673 K. This figure indicates that in fact the assumption of density crossovers is highly dependent on chemistry (as MgSiO 3 liquid remains less dense than Mg-Pv at all pressures). The density curve for each liquid in Figure 8 is shown at the base of the mantle with a range of uncertainty accounting for thermal expansion across a boundary layer for CMB temperatures of 3073-4400 K. Notably, the liquid compositions have a greater sensitivity to temperature than the solids, which is in accord with their large γ and C V values (α = γρC V /K T , where Cv is assumed to be independent of density). It is easy to imagine that a simple mixture of any of the liquids could produce a density comparable to that of a ULVZ. In fact Mg 2 SiO 4 liquid without the additional Fe at 3073 K is 10% denser than PREM [Dziewonski and Anderson, 1981] , but the important questions are whether a chosen liquid mixture is probable both (1) chemically based on our current knowledge of lower mantle chemistry and temperatures and (2) physically based on a plausible process by which it could be produced.
[43] There are two proposed processes for creating the putative ULVZ melt. The first is a melt left over from the differentiation of the Earth, perhaps distilled from the chemistry of the lower mantle, having been segregated from the surface by midmantle crystallization [Labrosse et al., 2007] . A second method of producing the ULVZ melt is by partial melting of the ambient mantle. We discuss these each in turn.
[44] As shown above, our current calculations appear to oppose segregation of a magma ocean into distinct reservoirs, but in fact our ability to constrain this problem so far applies only to the very initial stage of crystallization at the liquidus and is strongly dependent on the chosen composition. Development of a solid septum at later stages of magma ocean crystallization cannot be entirely ruled out. In detail, it remains difficult to test the distillation hypothesis for chemical and physical plausibility. The liquid chemistry, initially or during progressive differentiation, could occupy a wide range of compositions within CMASF space. Furthermore, the model of Hernlund and Jellinek [2010] suggests that stirring of the ULVZ piles by viscous coupling to the overlying mantle could create a stable mush layer for all geologic time without ongoing melt production. This model is also rather insensitive to density contrast, requiring only that the liquid be at least slightly denser than coexisting solids and disregards any chemical interaction with the mantle. Hence, it is difficult to bring much insight to bear on this model using new constraints on the composition-dependent equation of state of silicate melts.
[45] Turning to the partial melting hypothesis, it was originally formulated and its plausibility supported by experiments showing that magnesiowüstite and perovskite assemblages melt at temperatures comparable to estimates for the CMB -e.g., (Mg 0.9 ,Fe 0.1 ) 2 SiO 4 has a solidus temperature of 4300 ± 270 K at 130 ± 3 GPa [Holland and Ahrens, 1997] . Yet it should be noted that presently the melting temperatures for both (Mg,Fe)SiO 3 perovskite [Sweeney and Heinz, 1998; Zerr and Boehler, 1993] and MgO [Asimow and Fat'yanov, 2011] remain controversial, and the effect of Fe on the melting curve remains poorly constrained. Here, we limit our discussion to the plausibility of generating a stable ULVZ via partial melting of the ambient mantle despite not knowing the melting curves of these two phases. We will construct a model of phase and bulk densities under conditions of chemical equilibrium, which searches for an initial bulk mantle composition that would yield an equilibrium assemblage of 30% volume fraction of melt and 70% volume fraction residue that could form a gravitationally stable liquid mush (i.e., melt ≤ 1% denser than residue) with bulk density 10 ± 4% denser than PREM (~6123 ± 223 kg/m 3 ), and we will assume that 3700 K is above the eutectic temperature of the assemblage (Mg,Fe)SiO 3 perovksite (Pv) plus (Mg,Fe)O ferropericlase (Fp).
[46] To calculate the densities of the mantle solids, Pv and Fp, we used the EOS provided in Mosenfelder et al. [2009] for pure Mg-Pv and pure Mg-Pe and calculated the addition of small amount of Fe 2+ by ignoring changes in molar volume upon substitution. This is certainly an oversimplification but has already been shown to be a good approximation for estimating densities of (Mg, Fe)O solid solutions (for Fe contents up to~60 mol%) at pressures greater than 70 GPa where Fe 2+ is in the low-spin state and has an effective ionic radius similar to Mg 2+ (~0.72 Å) [Fei et al., 2007] . Given the low Fe contents expected in Pv solid solutions in equilibrium with melt and the substantial uncertainty that remains in the liquid EOS, this is an adequate approximation for assessment of relative melt/solid buoyancy. For calculation of liquid densities, we assume linear mixing of the oxide volumes derived from the BM/MG EOS given in Tables 3 and 4. [ [Auzende et al., 2008] in Al-free systems but approaches unity for Al-bearing systems at high pressure [Wood and Rubie, 1996] . A similar range of experimental values exists for the solid-melt D Fe Pv/melt for non-Al bearing [Nomura et al., 2011] (~0.07) and Al-bearing systems [Andrault et al., 2012] (~0.47-0.6) . We have chosen to use the values derived from high-pressure Al-bearing experiments as they are likely a closer approximation to natural systems. Hence, for our calculations, we assumed D Fe MgPv/Fp = 1and D Fe Pv/melt = 0.47 (we also explore the sensitivity of our result to this choice of solid-melt partition coefficient for Fe).
[48] In our calculations, we also fix the SiO 2 concentration of the Pv-Fp eutectic liquid. We chose two compositions: (1) a eutectic liquid with a SiO 2 concentration of 41 mol% such that 70% of the melt is Pv composition (f pvE = 0.7) and 30% is Fp composition and (2) a liquid with 47 mol% SiO 2 concentration (f pvE = 0.9). These two estimates bracket the eutectic composition determined by Liebske and Frost [2012] for the pure MgO-MgSiO 3 system such that SiO 2 is 44 mol % ( f pvE = 0.8).
[49] Ambient mantle is often approximated as 80% (Mg, Fe)SiO 3 and 20% (Mg, Fe)O with some proportion of Fe [Boehler, 2000] . For our model, we evaluate whether this composition (as well as other more exotic compositions) would be able to produce a partial melt and an equilibrium residue with a low density contrast (a melt 1% denser than the residue, equivalent to the assumption in Williams and Garnero [1996] ) and also produce an aggregate density comparable to a ULVZ allowing up to 30% volume fraction of melt.
[50] Results for this calculation at 3700 K and 135 GPa for f pvE =0.7 are given in Figure 9a . The solid lines represent curves of constant density contrast for the melt and residue, where positive percentages are a melt denser than the residue and negative percentages are a residue denser than the melt. The ULVZ density region is delineated by dotted lines representing a density 6-14% denser than PREM (~6123 ± 223 kg/m 3 ). An estimate for ambient mantle composition of 80% Pv + 20% Fp (f pv =0.8) with a Mg# of 0.85 (Mg# = X Mg /(X Fe + X Mg )) would produce a partial melt 5% denser than its equilibrium residue, but the aggregate density would be 5503 kg/m 3 , which is actually 1% less dense than PREM. To produce an aggregate density comparable to PREM, the ULVZ bulk composition would need a very high Fe concentration (Mg# ≤ 0.6), but this would yield a very large (at least 14%) melt-residue density contrast. In fact, for a eutectic composition of f pvE =0.7 and the selected partition coefficients, there is no starting composition that can fulfill both the aggregate density and density-contrast constraints. The unphysical region on the graph represents aggregate densities that are unachievable with the given amount of Fe in the system (Mg# for the melt is negative within this space). If we allow D Fe MgPv/melt to approach unity (higher than the current experimentally determined values), thereby decreasing the extent to which Fe favors the melt and also thereby decreasing the density contrast between melt and residue, the unphysical region expands and does not permit aggregate densities within the ULVZ region. Although not explicitly shown in Figure 9 , this result is also insensitive to percent of partial melting, as decreased volume fraction of melt also allows for a diminished melt-residue density contrast, but likewise further limits the highest aggregate densities that are achievable. It is an important conclusion therefore that if the eutectic composition is f pvE = 0.7, then there is no composition in the ternary MgO-FeO-SiO 2 system (that is, any combination of Mg# or fraction of Pv or Fp), regardless of D Fe Pv/melt or melt fraction, that will produce an equilibrium assemblage equivalent to what is believed to be present in a ULVZ. In fact, this is also true for eutectic compositions f pvE = 0.8 [Liebske and Frost, 2012] and f pvE = 0.9 with any experimentally determined D Fe Pv/melt value [Andrault et al., 2011] . Only at D Fe Pv/melt = 0.8 and a eutectic liquid of f pvE = 0.9 is the minimum estimate of the aggregate density achievable with a melt 1% denser than its residue (Figure 9b ). The initial composition would also need to be exotic compared to typical ambient mantle compositions: richer in Fp ( f pv = 0.2-0.5) and Fe (Mg# = 0.6-0.7).
[51] Even disregarding the lack of experimental evidence for such high D Fe or Pv-rich eutectic liquids, such high Fe Figure 9 . Results for partial melting calculation at 3700 K and 135 GPa. The solid curves represent lines of constant density contrast for the melt and residue, where positive percentages are a melt denser than the residue and negative percentages are a residue denser than the melt for a given starting composition. The y axis is the fraction of Pv in the starting material ( f pv ) where the remainder is Fp; the x axis is the Mg# of the starting composition, where Mg# = X Mg /(X Fe + X Mg ).The density of the ULVZ is the blue region delineated by dotted lines representing a density 6-14% denser than PREM (~6123 ± 223 kg/m contents are potentially unrealistic for a wide-spread lower mantle composition. FeSiO 3 is unstable in the perovskite structure and decomposes to magnesiowüstite and stishovite [Jeanloz and Thompson, 1983] in which case the calculations of bulk densities performed here using the Pv EOS are no longer appropriate; although the presence of aluminum has been shown to expand both ferrous [Kesson et al., 1995] and ferric stability in the perovskite and post-perovskite (pPv) phases at high pressure [Frost and McCammon, 2008; Zhang and Oganov, 2006] . Additionally, experiments and calculations have indicated that an Fe-rich pPv phase (with Mg# ≤ 0.8) may be stable at 130 GPa [Mao et al., 2006; Mao et al., 2005] , yet the temperature within a ULVZ remains sufficiently under-constrained that it is unclear whether Pv or pPv would be the predominant stable phase. Similarly, despite potentially destabilizing Pv, elevated Fe contents are likely necessary to depress the melting point of Fp to reasonable CMB temperatures, considering the melting temperature of pure MgO at ambient conditions is already very high (3060 K) [Poirier, 2000] , granting its high-pressure melting curve remains uncertain. In contrast, this partial melt calculation could yield more reasonable results with less Fe in the bulk starting composition if carried out at a lower temperature (since liquids increase in density more rapidly than solids with decreasing temperature), but at some point the conditions would drop below the solidus. The correct mantle solidus temperature is not well known and better constraints on the phase diagrams of the pertinent compositions at high pressure and temperature are needed. Therefore, if the model results are correct and high Fe contents are required to produce the necessary conditions for a ULVZ, partial melting may not even be necessary as suggested in Wicks et al. [2010] , which cites the possibility of solid-state ULVZ composed of a large proportion of Fe-rich (Fe, Mg)O to produce the observed drops in S wave velocity.
[52] We can conclude from this exercise that the ambient mantle (80% Pv + 20% Fp) cannot produce a partial melt and equilibrium residue that could be a ULVZ mush regardless of D Fe Pv/melt or eutectic composition. There exists a starting composition which can produce a ULVZ mush with the correct aggregate density and melt-residue density contrast, but only if subject to D Fe Pv/melt and eutectic composition constraints that lie outside of what has been determined experimentally. The partial melt hypothesis is therefore only plausible if the melt is fractionally segregated from its residue and combined with some other denser component. Only this process would permit both an aggregate density equivalent to the bulk ULVZ mush constrained by Rost et al. [2006] and at the same time have a melt-residue density contrast that is consistent with assumed values used in seismic modeling (~1%) [Williams and Garnero, 1996] . It is equally possible that equilibrium partial melting of the ambient mantle may exist but both these physical constraints may not be robust. It would be important to reevaluate whether a 3:1 ratio of S wave to P wave velocity would still be observed if larger melt-residue density contrast (and bulk moduli contrast) were permitted in seismic modeling.
[53] Finally, although not explicitly calculated here, another potential way to increase the aggregate density would be to transform the residue to post-perovskite structure, but partitioning of Fe in pPv is not well constrained [Kobayashi et al., 2005; Sinmyo et al., 2011] , the location of the Pv-pPv transition in Fe-bearing systems is controversial, and it would require a special scenario to place the solid Pv-pPv transition and the onset of partial melting at the same horizon.
Conclusions
[54] We have completed new shock wave experiments on molten Mg 2 SiO 4 at 2273 K, a significant technical advance in initial temperature for preheated experiments of this kind, allowing study of liquid compositions and temperatures previously inaccessible to ultrasonic or other experimental methods. These new data enable a revision of the previous liquid Mg 2 SiO 4 EOS [Mosenfelder et al., 2009] . The Grüneisen parameter is now in better agreement with values obtained from molecular dynamics simulation [de Koker et al., 2008] and is more similar to the γ behavior of other silicate liquids such as fayalite and diopside compositions. The shock-derived ambient-pressure bulk sound speed at 2273 K, compared to values estimated from lower-temperature ultrasonic data, indicates that sound speed decreases with increasing temperature for Fo liquid, contrary to the positive [Ghiorso and Kress, 2004] and zero [Ai and Lange, 2008] temperature dependences previously reported. The EOS of liquid MgSiO 3 and CaAl 2 Si 2 O 8 were also revised to exclude experiments that may have only been partially melted upon shock compression and potentially unrelaxed at low pressure, respectively, resulting in EOS models of the five components Fa, Fo, En, Di, and An that all share well-behaved, concavedown isentropes in P-T space. These were used in an ideal mixing model to construct new isentropes for whole mantle magma oceans of selected compositions in CMASF. The results are similar to those presented previously [Thomas et al., 2012] , in that Pv may begin crystallizing in the midlower mantle or at the base of the mantle for different compositions or estimates of their liquidus curves but in all cases Pv is negatively buoyant at the site of initial crystallization. This does not favor the formation of a basal magma ocean at early stages of evolution. The revised EOS of MgSiO 3 and Mg 2 SiO 4 were also used to calculate the plausibility of producing a ULVZ from a partial melt of the ambient mantle. Results indicate that any Pv-Fp assemblage, including compositions typically assumed for the ambient mantle (80% Pv and 20% Fp), cannot produce an equilibrium assemblage with a density comparable to that which has been inferred for a ULVZ mush. This implies either (1) that equilibrium partial melting by its simplest definition does not exist at the CMB to produce ULVZs and instead a ULVZ must be composed of fractionally segregated liquids from elsewhere in the mantle in association with a solid component denser than the equilibrium residue or (2) that the value for the density of the bulk ULVZ mush [Rost et al., 2006] and the assumption of a low melt-residue density contrast (~1%) [Williams and Garnero, 1996] , which are both prevalent within the literature, are not robust and need to be re-evaluated.
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